Abstract
Temperature programmed reaction measurements supported by STM show that phenylacetylene and iodobenzene react on smooth Au(111) under vacuum conditions to yield biphenyl and diphenyldiacetylene, the result of homocoupling of the reactant molecules. They also produce diphenylacetylene, the result of Sonogashira cross-coupling, prototypical of a class of reactions that are of paramount importance in synthetic organic chemistry and whose mechanism remains controversial.
Roughened Au(111) is completely inert towards all three reactions indicating that the availability of crystallographically well-defined adsorption sites is crucially important. High resolution XPS and NEXAFS spectroscopy show that the reactants are initially present as intact, essentially flat-lying molecules, and that the temperature threshold for Sonogashira coupling coincides with that for C-I bond scission in the iodobenzene reactant. The fractional order kinetics and low temperature associated with desorption of the Sonogashira product suggest that the reaction occurs at the boundaries of islands of adsorbed reactants and that its appearance in the gas phase is surface reaction rate limited. These findings demonstrate unambiguously, and for the first time, that this heterogeneous cross-coupling chemistry is an intrinsic property of extended, metallic pure gold surfaces: no other species, including solvent molecules, basic or charged (ionic) species are necessary to mediate the process.
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Introduction:
The metal-catalyzed Sonogashira, Heck and Suzuki coupling reactions that lead to the formation of new carbon-carbon bonds [1] [2] [3] [4] are of major importance in synthetic organic chemistry. Often, metal nanoparticles are used as the source of catalytic material, [5] [6] [7] although it is a matter for continuing debate as to whether the active sites are present at the nanoparticle surfaces or reside in solution as molecular species leached from the solid phase. 5, [7] [8] [9] 3
This remains a controversial issue, not least in the case of Sonogashira coupling. 1, 4, 5, 7 Even though a very large number of investigations have been carried out, few of these have directly addressed the identity of the catalytically active species; not infrequently, it is tacitly assumed or otherwise inferred that the reaction occurs homogeneously. In part, this reflects the difficulty of carrying out unambiguous analytical measurements that could provide an answer, and of course it is always possible that the extent to which homogeneous and heterogeneous pathways contribute may vary from case to case. Suffice to say that evidence has been presented in favor of both points of view. 5, 7, [10] [11] [12] In the case of Pd, catalysis
by leached species has been demonstrated, 13, 14 whereas for other metals the issue is more complex.
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Using supported gold nanoparticles, Gonzalez-Arellano et al. reported leaching under reaction conditions but took the view that the catalysis was heterogeneous; 12 they also found no significant solvent effects.
Here we report on the interaction of phenylacetylene (PA) and iodobenzene (IB), prototypical of Sonogashira coupling, on an extended Au(111) surface under conditions of ultra high vacuum where there is no possibility of homogeneous chemistry and the overall reaction may be written formally as shown in Scheme 1. Gold was chosen in view of current interest in this metal as a catalyst for an everwidening range of organic reactions.
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Scheme 1. Sonogashira coupling of phenylacetylene and iodobenzene.
By means of temperature programmed reaction, STM, high resolution synchrotron fast XPS and NEXAFS spectroscopy, it was found that the reactant molecules are adsorbed intact, lie flat, and, in addition to undergoing homo-coupling, Sonogashira cross-coupling to yield diphenylacetylene does occur with extreme sensitivity to the morphology of the gold surface.
Experimental Methods
Temperature programmed reaction experiments were conducted in Cambridge in an ultra-high vacuum (UHV) chamber operated at a base pressure of 1×10 -10 torr. Reagent grade phenylacetylene 98% (Sigma Aldrich) and iodobenzene 99% (Fluka) were dosed onto the sample by backfilling the chamber which was equipped with an Omicron 3 grid retarding field analyser for LEED/AES analysis and a VG 300 quadrupole mass spectrometer whose ionizer was positioned 5 mm from the front face of the sample. The Au(111) single crystal (10 mm × 15 mm × 1.0 mm) could be cooled to 100 K and heated to 1200 K, monitored by a T1T2 thermocouple attached directly to the sample. The TPR heating ramp used was 4 K s -1 and the data presented here are corrected for mass spectrometer sensitivity and molecular ionization cross-sections. STM experiments were carried out in Cambridge in an Omicron variable-temperature UHV STM, which was operated in the constant current mode using etched tungsten tips.
High resolution XPS and NEXAFS measurements were carried out on the SuperESCA beamline at the ELETTRA synchrotron radiation source in Trieste, Italy. Spectra were collected using a single-pass 32-channel concentric hemispherical electron analyzer. The excitation energies used for the acquisition of the C 1s, I 3d, and Au 4f spectra were 380 eV, 720 eV, and 180 eV, respectively. The angle between the analyzer entrance lens and the incoming photon beam was 70° in the horizontal plane. The Au(111)
crystal was attached to a motorized manipulator via a tantalum back plate fitted with a T1T2 thermocouple and could be heated resistively to 900 K or cooled to 90 K.
The Au(111) sample was cleaned by repeated cycles of Ar + sputtering (99.999% Messer) followed by annealing at 550 K until a clean, atomically flat surface was obtained, as monitored by XPS and LEED (Trieste) or LEED, and Auger electron spectroscopy or STM (Cambridge). Quoted coverages for NEXAFS and XPS are based on estimation of the monolayer point (one monolayer = 1 ML) from the associated shift in C 1s binding energy that is apparent in the high resolution XP spectra for uptakes of each molecule and from the appearance of a multilayer peak in the thermal desorption data.
Results and Discussion
First, we present reaction data obtained using smooth and deliberately roughened Au(111) surfaces.
Then we provide and analyze corresponding NEXAFS and fast XPS data and discuss the reaction results in the light of these. suggesting that under our conditions Sonogashira coupling takes place at the boundaries of islands of one or both reactants. Its low temperature indicates that appearance of gaseous diphenylacetylene is a surface reaction rate limited process. 19 The peak shapes of the homo-coupling products (diphenyldiacetylene, biphenyl) are quite different and consistent with self-reaction of PA and IB either within islands or within a dispersed phase. In order to aid the discussion which follows, Scheme 2 shows a simple reaction scheme that is consistent with our findings. An estimate of reaction selectivity towards the Sonogashira product, diphenylacetylene, was carried out by calibrating the quadrupole mass spectrometer, allowing for mass discrimination effects characteristic of these instruments, and correcting for ionization gauge sensitivities (see supporting information). This procedure gave a lower limit for the selectivity toward diphenylacetylene formation of at least ~ 10%. The selectivity towards Hay coupling was similarly estimated as ~ 10%, the conversion of iodobenzene being ~ 60%. Although relatively modest, the Sonogashira is in the order of reported selectivities for the same reaction carried out in solution and in the presence of base, catalyzed by supported Au nanoparticles. Basic species are known to promote Sonogashira reactions, 20 possibly by facilitating abstraction of the weakly acidic hydrogen atom on the alkyne.
Temperature programmed reaction measurements
How fast is this chemistry? It is not possible to specify a turnover frequency (TOF) in the normally understood sense because in a one-shot TPR experiment there is no incident flux of reactant molecules, the system is not isothermal nor is it in steady state. However, subject to certain assumptions (see 7 supporting information) one may obtain a lower limit for a kind of pseudo-TOF of ~ 30 h -1 , which is in the range of values reported for coupling reactions catalyzed by organometallic complexes.
As shown below by the XPS results, iodine was retained on the surface immediately after reaction, as indeed expected, given the strength of iodine/gold chemisorption. It could subsequently be desorbed (activation energy ~ 180 kJ mol -1 ) at ~ 680 K and the corresponding desorption data are shown in the supporting information. HI desorption was not detected nor is it expected on thermodynamic grounds (see supporting information). Hydrogen, the remaining possible product, was not detected due to its small yield and limited instrumental sensitivity at low m/z, exacerbated by the presence of a very small background hydrogen partial pressure, always present in stainless steel UHV systems. These findings demonstrate unambiguously that PA and IB undergo Sonogashira coupling on a wellordered extended gold surface in vacuum. They also show that reaction efficiency is sensitive to the details of surface structure, only smooth surfaces with well-developed crystal planes being effective under our conditions. This observation suggests that metal particle size effects are likely to be significant when Sonogashira coupling of these reactants is carried out in solution in the presence of Au nanoparticles. Specifically, large particles should be more effective catalysts than small ones, if the reaction occurs heterogeneously. Figure 3a shows C 1s XP spectra acquired during the uptake at 90 K of ~ 0.5 ML of IB followed by ~ 0.5 ML of PA. The IB spectrum is characterized by a major component at 284.3 eV associated with the phenyl ring and a smaller feature at 285.0 eV due to the carbon atom bonded to iodine. These features are more clearly apparent in Figure 3b which shows the C 1s spectrum from a 0.9 ML of IB at 90 K.
High resolution XPS
The relative intensity of the two components is ~ 1:5 which is consistent with non-dissociative adsorption of IB, a conclusion that is confirmed by the I 3d 5/2 spectra discussed below. Addition of ~ 0.5 ML PA to the 0.5 ML IB resulted in the composite spectra shown in the upper part of Figure 3a Given the above results and that it seems at least plausible that Sonogashira coupling is preceded by C-I scission in IB, it is of interest to examine the latter process in more detail by means of the C 1s spectrum. Figure 5a shows the time and temperature dependence of the C 1s spectrum, starting with a multilayer of pure IB; a subset of these data is presented in Figure 5b . Sonogashira selectivity we find: in the absence of base, which serves to activate PA, phenyl species resulting from C-I scission tend to undergo homo-coupling to yield biphenyl before they can be captured by PA to yield the Sonogashira product. This effect would presumably be accentuated if the IB molecules tended to form islands as is reported for IB on Cu(110), 24 and, indeed, we found that biphenyl was the main product in the TPR experiments (Figure 1 ). 
NEXAFS spectroscopy of individual reactants, co-adsorbed reactants, and reaction
NEXAFS measurements were carried out on IB and PA separately adsorbed, co-adsorbed and as a function of temperature. Figure 6a shows C K-edge NEXAFS spectra of 0.5 ML of PA on Au(111) at 90 K recorded at five photon incidence angles (θ, defined relative to the surface plane). Prominent resonances due to C 1s  π* and C 1s  σ* transitions are apparent and a summary of assignments and the associated transitions is given in Table 1 . fitting analysis of dependence of π* resonance A to estimate the phenyl ring tilt angle, α. Table 1 . Resonance assignments for the C K-edge NEXAFS of PA on Au(111) [25] [26] [27] [28] Peak Energy / eV Assignment Figure 6b clarifies the different  dependences of resonance A (phenyl group) and B (alkyne group which contains  x and  y components that exhibit opposite angular variation and therefore no net change). Note that the C K-edge NEXAFS spectrum of gaseous PA [25, 26] exhibits a clear and characteristic splitting of the C 1s  π* resonance at ~ 285.5 eV which results from conjugation of the alkyne and phenyl groups in the molecule. To a first approximation, the lower energy resonance may be considered as phenyl-like whilst that at higher 13 energy includes contributions both from the phenyl and the alkyne groups. This splitting disappears upon adsorption of PA on Cu and Pt surfaces, 26, 28 due to appreciable rehybridization of the molecular orbitals of the alkyne group which adopts a distorted sp 2 configuration. However in the present case the characteristic split of the C 1s  π * resonance is still apparent, indicating preservation of the molecular geometry and consistent with the XPS results. Five more transitions are resolved at higher photon energies, assigned in Table 1 , but not required for analysis. [25] [26] [27] [28] The angular dependence of the C 1s  π * resonance A provides a means of determining the orientation of the molecules with respect to the surface. 29 Figure 6c shows the observed normalized intensities overlaid with a series of theoretical curves, 29 the least squares best fit yielding a tilt angle of α = 15° with an uncertainty of 5° for the orientation of the phenyl group with respect to the surface: i.e., the molecule lies almost flat.
Similarly, Figure 7a shows C K-edge NEXAFS spectra for 0.5 ML of IB acquired at five photon incidence angles. Seven resonances are resolved and their assignment is summarized in Table 2 . The first two resonances at 285.1 eV and 286.0 eV are assigned to the C 1s  π* transition, split into two components due to the presence of the heteroatom as a result of the reduction in symmetry from D 6h to C 2v , 30, 31 more clearly apparent in Figure 7b . This splitting provides strong confirmation that adsorption of IB at 90 K is non-dissociative, again in good accord with the XPS data. At higher photon energies five more transitions are clearly resolved and can be assigned ( Table 2 ).
The angular dependence of resonance A at 285.1 eV was used to calculate the orientation of IB with respect to the surface as before 
Conclusions
In summary, phenylacetylene and iodobenzene react on smooth Au(111) under vacuum conditions to yield biphenyl and diphenyldiacetylene, the result of homocoupling, and, with appreciable selectivity, diphenylacetylene, the result of Sonogashira cross-coupling and the process of paramount interest in this work. These findings provide the first unambiguous demonstration that this heterogeneous crosscoupling chemistry is an intrinsic property of extended, metallic pure gold surfaces. The minimum necessary and sufficient conditions are co-adsorbed reactants on a clean well ordered gold surface: no other species, including charged (ionic) species are necessary to mediate the process. Roughened Au(111) is completely inactive towards all three reactions indicating that the availability of crystallographically well-defined adsorption sites is crucially important. In view of the many reported correlations between single crystal reaction data and nanoparticle catalysis at the gas/solid interface (see for example the reviews by Ertl and Freund 34 and Somorjai et al. 35 it seems possible that pronounced particle size effects may arise when these coupling reactions are catalyzed by gold nanoparticles under practical conditions. Indeed Besson et al. have reported superior catalytic performance for larger Pt nanoparticles in solution compared to smaller ones. 36 High resolution XPS and NEXAFS spectroscopy demonstrate that the reactants are initially present as essentially flat-lying intact molecules. The temperature threshold for Sonogashira coupling coincides with that for C-I bond scission in the biphenyl, although this does not prove that C-I scission is the reaction-initiating step. The fractional order kinetics and low temperature associated with desorption of the Sonogashira product suggest that under our conditions it is formed at the boundaries of islands of adsorbed reactants and that its appearance in the gas phase is reaction rate limited.
